The Hippo signaling pathway regulates cellular proliferation and survival, thus exerting profound effects on normal cell fate and tumorigenesis. The pivotal effector of this pathway is YAP1, a transcriptional co-activator amplified in mouse and human cancers where it promotes epithelial-tomesenchymal transition (EMT) and malignant transformation. The Hippo tumor suppressor pathway has been suggested to inhibit the YAP1 function through serine phosphorylation-induced cytoplasmic retention and degradation. Here we report that the tyrosine188 (Y188) site of YAP1 isoform with 2 WW domains (known as YAP1-2) plays an important role in YAP1-induced cellular transformation. IP-Mass Spectrometry analysis of YAP1 identified the phosphorylation of Y188 but not other tyrosine residues. In contrast to the aberrant 3D acinus formation observed in YAP1-WT transduced cells, overexpression of YAP1-Y188F (non-phosphorylated mimic) displayed normal 3D structures. In addition, knockdown of the endogenous YAP1 in MDA-MB231 breast cancer cells inhibited cell proliferation and migration, which were then successfully rescued by the exogenous YAP1-WT and YAP1-Y188E but not Y188F. Mechanistically, we also demonstrated that YAP1-Y188F had a higher affinity to the upstream negative regulator PTPN14 and was extensively localized in the cytoplasm. Since the Y188 is located in the conserved aromatic core of the WW domain of YAP1, our finding has a wide implication for WW domain signaling in general, where Y phosphorylation may act as a common positive regulator of the complex formation via WW domains. In summary, our results indicate that tyrosine 188 plays an important role in the YAP1-induced cellular transformation and its phosphorylation may intriguingly serve as a positive indicator of YAP1 activation.
Introduction
The determination of organ size incorporates a delicate balance between growth, proliferation and apoptosis. 1 Initially discovered in Drosophila, the Hippo signaling pathway has been shown to be crucial in growth regulation, tissue regeneration and stem cell renewal in both Drosophila and mammalian cells. 2, 3, 4 The key downstream effectors of the Hippo pathway, YAP1 (Yes-associated protein 1) and TAZ (transcriptional co-activator with PDZ-binding motif), are tightly regulated by a number of upstream molecules, such as Mst1/2, Lats1/2 and RASSF family proteins. 4, 5, 6, 7 Comprehensive survey of the most common solid cancer types revealed widespread and frequent YAP1 overexpression in lung, ovarian, pancreatic, colorectal, hepatocellular and prostate carcinomas. 2, 8 We previously identified by the array-based comparative genomic hybridization (aCGH) that YAP, the pivotal effector of the Hippo pathway, is amplified in mouse and human breast tumors. 9 Of note, overexpression of YAP1 induces the epithelial-to-mesenchymal transition (EMT), suppression of apoptosis, growth factor-independent proliferation and anchorage-independent growth in soft agar. 9, 10 Although YAP1 was originally identified as a binding partner for the Src family member, Yes protein-tyrosine kinase, 11, 12 only recent studies raised the possibility that YAP1 could be phosphorylated at tyrosine sites in certain signaling scenarios. 13, 14, 15, 16 In terms of context-dependent signaling it is important to note that the immunoprecipitated endogenous YAP1 protein from primary chicken embryo fibroblasts, which were labeled with radioactive orthophosphate, showed that only Serine was decorated by phosphate in the phospho-amino acid analysis. 12 The Stein laboratory was the first to report that tyrosine phosphorylation of YAP is necessary for its interaction with the Runx2 transcription factor, as well as for its subsequent nuclear trafficking. 13 Moreover, inhibition of the Src and Yes protein-tyrosine kinase activities reduced the tyrosine phosphorylation of YAP, resulting in dissociation of the endogenous Runx2-YAP complexes. It was also found that in response to DNA damage, YAP is phosphorylated by the c-Abl kinase at Y357 and this modification stabilizes the YAP protein. Phospho-Y357-YAP has increased affinity for the p73 transcription factor and this association results in elevated expression of the p73-dependent pro-apoptotic target genes.
14 In addition, active Yes kinase transiently binds and phosphorylates YAP at one or more tyrosine residues, which in turn recruits the TEAD2 complex to expression of key factors involved in the maintenance and self-renewal of embryonic stem (ES) cells. 15 Furthermore, the Hahn laboratory reported that in colon cancer, YAP and the transcription factor TBX5 form a complex with b-catenin and phosphorylation of YAP by the YES tyrosine kinase leads to localization of this complex to the promoter of anti-apoptotic genes, including BCL2L1 and BIRC5, defining a b-catenin-YAP-TBX5 complex essential for the transformation and survival of b-catenin-driven colon malignancy. 17 Most recently, using advanced tools of proteomics and proximity ligation, the O'Neill laboratory documented that Ras association domain family 1C (RASSF1C) was able to target Src and Yes kinases to epithelial cell to cell junctions to promote tyrosine phosphorylation of YAP along with b-catenin and E-cadherin and thereby promoting YAP-mediated invasion of carcinomas. 16 All these studies implicate tyrosine phosphorylation in the function of YAP. In this report we explore one mechanistic facet of tyrosine-phosphorylated YAP in breast cancer biology.
Here we identified for the first time the phosphorylation of YAP1-Y188 and demonstrated that overexpression of YAP1-Y188F had no effect on the 3D morphogenesis of MCF10A cells, in contrast to the invasive phenotype elicited by the YAP1-WT or YAP1 with mutations at other tyrosine sites. In breast MDA-MB231 cells, YAP1-WT or YAP1-Y188E rescued the phenotype associated with YAP1 knockdown, whereas YAP1-Y188F failed to do so. Last, immunostaining showed that YAP1-Y188F was extensively localized in the cytoplasm, in contrast to the nuclear localization of YAP1-WT. Notably, Y188 is located within the aromatic core of the first WW domain of YAP1 and Y188 phosphorylation acts as a positive regulator of complexes mediated by the YAP1 WW domain, and perhaps by other WW domains. Taken together, our data indicate that the phosphorylation of YAP1-Y188 plays an important role in its oncogenic functions in breast cancer.
Materials and methods

Cell culture and transfections
MCF10A and MCF12A cell cultures were performed as previously described. 18 MDA-MB-231, T47D and HCC1143 cells were cultivated in RPMI-1640 medium with 10% fetal calf serum (FBS); MCF7 and SK-BR3 cells were cultivated in DMEM medium with 10% FBS; SUM159 was cultivated in F12K medium plus 5% FBS, 5 mg/ml insulin and 1 mg/ml hydrocortisone. All media were supplemented with 100 units/ml penicillin, 100 mg/ml streptomycin and 2 mM glutamine. All cells were cultured in a humidified atmosphere of 95% air and 5% CO2 at 37 C. MDA-MB-231, T47D, HCC1143, MCF7, SK-BR3 and SUM159 cells were purchased from the American Type Culture Collection (ATCC, VA).
For knockdown experiments, shRNA hairpins targeting human YAP were obtained from the RNAi Consortium (The Broad Institute, Boston, MA). The target sequences are listed (in the 5 0 -3 0 direction): shYAP: CCCAGTTAAATGTTCACCAA; and Control-shRNA: CAACAAGATGAAGAGCACCAA.
Retroviral or lentivirus packaging, MCF10A and MDA-MB231 cell transduction and drug selection were performed following standard protocols and was described previously. 19, 20 Plasmid constructs YAP1-2 gamma expression construct was described previously. 21 YAP1 tyrosine mutants and shYAP1 resistant constructs were established by PCR-based mutagenesis and mutant constructs were confirmed by DNA sequencing. For RNA preparation and qRT-PCR detection, RNA was extracted using the Trizol reagent (Invitrogen). cDNA synthesis was performed using First-Strand cDNA Synthesis Kit (GE Healthcare) and quantitative real-time PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems).
Antibodies and molecular biology analyses
Sequences of the qPCR primer pairs (in the 5 0 -3 0 direction) are as follows:
GAPDH-F: GGTGAAGGTCGGAGTCAACGG; GAPDH-R: GAGGTCAATGAAGGGGTCATTG; FN1-F: GAAGCCGAGGTTTTAACTGC; FN1-R: ACCCACTCGGTAAGTGTTCC; CTGF-F: GCAGAGCCGCCTGTGCATGG; CTGF-R: GGTATGTCTTCATGCTGG; CYR61-F: CACACCAAGGGGCTGGAATG; CYR61-R: CCCGTTTTGGTAGATTCTGG. All measurements were performed in triplicate and standardized to the level of GAPDH.
Cell migration
Trans-well cell migration assay was performed as previously described. 9 Immunofluorescence microscopy 293 cells were cultured on coverslips to appropriate density. Cells were fixed with 4% paraformaldehyde for 15 min and then permeabilized with 0.1% Triton X-100 for 15 min. After blocking in 3% BSA for 30 min, slides were incubated with the primary antibody diluted in 1% BSA for 1 hr. After washing with PBS, slides were incubated with Alexa Fluor 488-or 594-conjugated secondary antibodies (1:1000 dilution) for 1 hr.
IP-nano-LC mass spec analysis
Flag-YAP1-WT transduced MCF10A lysates were harvested in IP buffer, immune-precipitated by the Anti-FLAG M2 Affinity Gel and eluted with the Flag peptide from Sigma (St. Louis, MO). The eluted products were run on a pre-cast 4-15% SDS-PAGE gel (ReadyGel, Bio-Rad) and were then stained with Coomassie blue. The band containing YAP1 were excised and digested with in-gel digestion protocol with trypsin only and solution samples were divided into 2 aliquots for dual enzyme digestion of trypsin and GluC according to the 2-step on pellet digestion protocol. 22, 23 The digests were eluted on a 100 cm column with a 2-hr gradient with CID and ETD activation by Fusion Tribrid mass spectrometer (Thermo Scientific), using a previously described condition. 24 Raw files were searched with Proteome Discoverer (Thermo Scientific) against YAP1 sequence and Carbamidomethyl (57.021Da) was set as static modification on Cystine (C), and oxidation (15.995Da ) on methionine (M); phosphorylation (79.966 Da) on serine (S), threonine (T) and tyrosine (Y) were set as dynamic side chain modifications. The search results were merged with Scaffold (Proteome Software), and filtered to achieve a local peptide probability >95%.
Statistical analysis
Statistical analysis of data was performed using the SPSS statistics software package (SPSS, IL). All results are expressed as mean § SD. Ã , P < .05; ÃÃ , P < .001; ÃÃÃ , P < .0001.
Results
IP-Mass spectrometry analysis of YAP1 post-translational modifications
To examine the YAP1 post-translational modifications in cells, we overexpressed YAP1-wild-type (YAP1-WT), an isoform of YAP1 with 2 WW domains (YAP1-2 gama), in mammary epithelial MCF10A cells and performed a comprehensive IP-Mass spec analysis using a high-resolution nano-LC/MS system. As shown in Figure 1 , we confirmed 4 potential serine phosphorylation sites in YAP1 by Lats1/2 at 61, 109, 127 and 164; 25,26 4 potential phosphorylation sites by JNKs at T119, S138, T154 and S317; 27 and 5 potential phosphorylation sites at T119, S128, S138, S289 and S367 by CDK1. 28, 29 More importantly, we identified several additional serine/threonine phosphorylation sites (Fig. 1) . In particular, a phosphorylation modification of YAP1 at Y188 caught our attention. To confirm that such modification was not an artifact, we investigated the tyrosine phosphorylation status of endogenous YAP1 protein in a panel of breast cancer cell lines by immunoprecipitating YAP1 and then blotting with a pan-tyrosine phosphorylation antibody (4G10). The cell lines tested by us included: the immortalized non-transformed MCF10A and MCF12A cells; luminal type cells: T47D, SKBR3, MCF7; basal type cells: HCC1143, SUM159 and MDA-MB-231. Importantly, tyrosine phosphorylation of endogenous YAP1 was detected in the majority of the samples ( Fig. 2A) , indicating the presence of and significance of this intrinsic modification in breast cancer cells.
Recent studies have demonstrated that epidermal growth factor (EGF) stimulates YAP1 activity in Drosophila and MCF-10A cells, which contributes to cell proliferation. 30, 31 Therefore, it would be of interest to know if there is any association between the growth stimulation and YAP1 modification. Accordingly, we treated the mammary epithelial MCF10A cells with EGF and found that YAP1 tyrosine phosphorylation was indeed increased (Fig. 2B) , indicating the dynamic changes of YAP1 tyrosine phosphorylation in response to growth factor stimulation.
YAP1-Y188F overexpression maintained the normal 3D morphogenesis
Altogether, there are 6 specific tyrosine (Y) residues within YAP1-2 gamma isoform, 32, 33 i.e., Y-188, Y-247/248, Y-391, Y-407 and Y-444 (Fig. 3A) . An important question to ask then Mass spectrometry analysis identified the potential YAP1 phosphorylation sites. The peptide sequences of YAP1 recovered by mass spectrometry are labeled in yellow; the serine and threonine phosphorylation sites are labeled in green; the tyrosine phosphorylation site was labeled by red.
was whether the tyrosine phosphorylation of YAP1 has any functional role, especially in terms of its oncogenic properties. To do this, we generated retroviral expression constructs containing the specific tyrosine (Y) to phenylalanine (F) mutations, in the same YAP1 isoform with 2 WW domains (YAP1-2 gamma), which would mimic the non-phosphorylated-tyrosine. First, we showed that these Y-to-F mutations did not affect the YAP1 protein stability by Western blot (Fig. 3B) . Next, we took advantage of the 3D epithelial culture systems as it allowed epithelial cells to organize into structures resembling their in vivo architecture and thus made it possible to study the function of cancer genes and pathways in a biologically relevant context. 34 We had previously demonstrated that overexpression of YAP1-WT in MCF10A cells induced invasive 3D structures. 9 We then cultured MCF10A cells that were transduced with the different Y-F non-phosphorylated-tyrosine mimics of YAP1 in 3D. Importantly, only YAP1-Y188F but not any other Y-F mutations obliterated the invasive acinus formation in MCF10A cells (Fig. 3C ). This result suggested that Y188 of YAP1 plays a role in the abnormal 3D morphogenesis induced by YAP1.
YAP1-Y188E overexpression enhanced the YAP1 oncogenic functions
To further confirm the effect of YAP1-Y188 modification on the YAP1 oncogenic function, we created a YAP1-Y188E mutant that mimicked the phosphorylated YAP1-Y188. MCF10A cells were then retro-virally transduced with the vector control, YAP1-WT, YAP1-Y188F and YAP1-Y188E constructs. Like Y188F, the Y188E mutation did not affect the protein expression of YAP1 (Fig. 3D) . However, YAP1-Y188E overexpression significantly enhanced cell migration in the Trans-well assay and colony formation in the soft agar assay, in striking contrast to YAP1-Y188F (Fig. 3E, F) . Our data showed that the phospho-YAP1-Y188 mimic strongly enhanced the YAP1 oncogenic functions.
YAP1-Y188F fails to rescue the loss-of-function of YAP1 in breast cancer cells
YAP1 is known to increase cell migration as well as promotion the EMT and breast epithelial cell transformation. 9, 21, 26 Our present results suggested that the modification of YAP1 at tyrosine 188 regulates its oncogenic functions (Fig. 3) . We then elected to examine the effect of YAP1-Y188 modification on breast cancer malignancy and designed a rescue experiment using Flag-tagged YAP1 expression constructs that are resistant to shYAP1. As expected, knockdown of the endogenous YAP1 by shYAP1 in the MDA-MB-231 breast cancer cells (Fig. 4A ) significantly decreased the cell proliferation ( Figure S1A ). However, when control and variant shYAP1-resistant constructs were used to rescue the phenotype observed for MDA-MB-231 cells with stable knockdown of endogenous YAP1 (Fig. 4B) , only the WT and Y188E but not Y188F construct restored the cell proliferation and migration (Figs. 4C, D,  S1B ). In addition, we found that overexpression of YAP1-WT induced invasive 3D structure in MDA-MB231 cells, YAP1-Y188F failed to do so (Fig. 4E) . Taken together, these results indicated that YAP1-Y188F lost its ability to promote full malignant phenotype.
Disrupted interaction between YAP1-Y188E and its upstream negative regulators
To investigate whether Y188F reduced the transcriptional coactivator activity of YAP1, we examined the effect of YAP1-Y188F on the expression of several, arbitrarily chosen, YAP1 target genes such as CTGF, Cyr61 and FN1. 21, 35, 36 Real-time qRT-PCR was performed using the RNA harvested from the vector control, YAP1-WT and YAP1-Y188F transduced MCF10A cells. The levels of CTGF, Cyr61 and FN1 were significantly reduced upon YAP1-Y188F expression as compared to the WT (Fig. 5A) .
It is known that one of the YAP1 regulatory mechanisms in the Hippo signaling pathway is through YAP1 phosphorylation at Ser127 by Lats1/2 and subsequent cytoplasmic retention of YAP1. 5, 25, 26 Therefore, to investigate whether Y188F led to the YAP1 cytoplasmic sequestration, we set out to examine the interaction between YAP1-Y188F and Lats1 proteins. To do so, control vector, Flag-YAP1-WT, -Y188F or -Y188E and Lats1 was co-transfected into HEK293 cells and immunoprecipitation was performed. As suspected, YAP1-Y188E mutant lost its ability to interact with Lats1 (Fig. 5B) . Moreover, the Y188E mutation disrupted the interaction between YAP1 and its other upstream negative regulator: PTPN14 37, 38, 39, 40 (Fig. 5C ). To confirm these biochemical findings, immunofluorescence microscopy was used to visualize the localization of nonphosphorylated mimic of YAP1-Y188F. Interestingly, YAP1-Y188F was extensively localized in the cytoplasm, in striking contrast to the exclusive localization of YAP1-WT in the nucleus (Figs. 5D, S3) .
Although Src, Yes, ErbB4 and EGFR are candidate kinases for Y188 phosphorylation of YAP1, 12, 30, 41, 42 we decided to search for the potential tyrosine kinases responsible for the YAP1-Y188 phosphorylation in an unbiased way, via in silico analysis using the GPS 2.0 (Group-based Prediction System, version 2.0) software (http://gps.biocuckoo.org/). 43 We identified several intriguing candidates including Tec, JakA, PDGFR and Met kinases (Fig. 5E) . It remains to be determined how, which and how many of protein-tyrosine kinases regulate YAP1 via Y188 phosphorylation.
Our results are in agreement with a likely mechanism underlying the YAP1-Y188F inhibition of YAP1 oncogenic function, which might result from an increased affinity of the mutated WW domain toward LATS1/2, PTPN14 and other negative regulators of YAP1, including AMOTS, which all contain PPxY motif that is cognate for the WW domain. 33 Such scenario would result in enhanced sequestration of YAP1 in the cytoplasm (Fig. 5F ).
Discussion
We report here the identification of a novel tyrosine phosphorylation site Y188 in YAP1. We found that overexpression of YAP1-Y188E, the phosphorylated mimic, enhanced its oncogenic functions; whereas YAP1-Y188F obliterated the malignant potential of YAP1. Mechanistically, we showed that YAP1-Y188E disrupted the interaction between YAP1 and its upstream negative regulators, which might lead to its constitutive activation. On the other hand, YAP1-Y188F was extensively localized in the cytoplasm, which may partially explain for the inhibited YAP1 function. In summary, our present study demonstrates an important post-translational modification of YAP1 and provides a novel mechanism underlying the YAP1 oncogenic function in breast cancer (Fig. 5F ).
Post-translational modifications are widely seen in the regulation of multiple YAP functions such as oncogenesis as well as pro-and anti-apoptosis. 44 For example, phosphorylation by the LATS kinases leads to the YAP cytoplasmic retention and degradation. 25, 26, 45 In response to DNA damage, c-Abl kinase phosphorylates YAP1 (YAP1-1beta) at Y357 and enhances pro-apoptotic functions of p73.
14 Also, c-Jun N-terminal kinases (JNKs) phosphorylates YAP at T119, S138, T154, S317 and T362 and enhances its stabilization of DNp63. 27 Last, the CDK1 phosphorylates YAP at T119, S128, S138, S289 and S367, which promotes mitotic defects and decreases YAP mediated anti-apoptosis potential induced by the anti-tubulin drugs. 28, 29 In the present study, we confirmed most of these post-translational modifications in YAP (Fig. 1 ) and more interestingly, identified a novel Y188 phosphorylation site and showed that its phosphorylation played a critical role in the regulation of YAP oncogenic functions.
The Hippo pathway and its network of cross-talking proteins are enriched in WW domains and their ligands tend to contain PPxY motifs. 46, 47 Consistently, YAP1-2 gamma contains 2 WW domains, which may interact with its ligands cooperatively. 48 Of note, Y188 is localized in the first WW domain of YAP and this WW domain has been reported to be important for the interactions with other binding partners. 46, 49, 50 We found that the phospho-YAP-Y188 mimic, YAP-Y188E, disrupted the interactions with its negative regulators Lats1 and PTPN14 (Fig. 5) , providing a possible mechanism for the regulation of YAP function via Y188 phosphorylation. TAZ, the paralog of YAP, contains one WW domain and its tyrosine 141 equivalent to YAP-Y188. We predict that TAZ-Y141 phosphorylation may play a similar role like YAP-Y188. It will be of interest to investigate whether the phosphorylation of YAP-Y188 can actually serve as a positive indicator of the YAP activity. For future studies, we plan to identify the potential tyrosine kinase(s) that is responsible for the YAP-Y188 phosphorylation. Elucidation of the underlying mechanism and key players in YAP/TAZ regulation will contribute significantly to our understanding of the Hippo pathway in cancer biology and conceivably advance our therapeutic strategies. 51 
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